It is now well documented that infection of Escherichia coli cells with bacteriophage T4 results in modifications of cellular membrane. The rIIA (6) and rIIB (16, 28) gene products have been found associated with membrane, and alterations in phospholipid metabolism have been described (8, 15) . The possibility that T4 infection does result in membrane modifications was first suggested to account for a number of phenomena which occur shortly after infection. These include the genetic exclusion of superinfecting phage (3) , increasing tolerance to infection by ghosts (2) , changes in host permeability (22) , the inhibition of catabolism of exogenously added deoxynucleotides (13) , and the development of resistance to lysis from without (27) . T4 genes have been implicated in several of these changes: the imm gene is necessary for full expression of tolerance to ghosts and genetic exclusion (26) , resistance to lysis from without does not develop in the spackle mutant (5) , and the ac gene must be functional if permeability to acridine dyes is to be manifested (21) .
The envelope of gram-negative cells contains two distinct membrane species, the outer (L) membrane and the inner (cytoplasmic) membrane (9) . Procedures for the separation of inner from outer membrane (14, 18) , which are based on the different buoyant densities of the two, and for the selective solubilization of the cytoplasmic membrane (1, 7, 19) are now available. The phenomena described above which are thought to reflect phage-induced alterations of host membrane can be explained most simply by T4 effects on the cytoplasmic membrane only. Previous studies on separated membrane species, which have suggested that the rIIA and rIIB proteins are constituents of the cytoplasmic membrane and that synthesis of the major host proteins of the outer membrane is greatly reduced within the first 5 min of infection (6, 16) , do not contradict this view. This study was undertaken, therefore, to examine the localization of membrane proteins synthesized after T4 infection. After infection, distinct new protein constituents of both the outer and inner membrane are synthesized. Also, membrane preparations are found to contain a new dense fraction, which, on the basis of protein composition, appears to be related to the outer membrane.
MATERIALS AND METHODS
The bacterial and bacteriophage strains used have been previously described, as have the procedures for growth and infection of cells and the preparation of phage lysates (4) .
Media and reagents. Tryptone-NaCI broth, top agar, plates, and dilution fluid have been described previously (4) . F medium consisted of a minimal salts solution (24) supplemented with 0.4% glucose and 0.05 volumes of medium A (17) .
Sodium lauryl sarcosinate (Sarkosyl) was a gift of Geigy Chemical Corp. Separation of membrane. The procedure of Osborn et al. (14) was used with the few modifications described previously (7) . The identification and isolation of fractions containing outer or inner membrane 73 on November 2, 2017 by guest http://jvi.asm.org/ Downloaded from FLETCHER, WULFF, AND EARHART have also been described (7) . The dense membrane fraction was isolated by collecting that portion of the isopycnic sucrose density product below the visible band of outer membrane. The procedure of Lowry et al. (12) was used to determine the concentration of protein in these preparations.
Solubilization of the cytoplasmic membrane. Sarkosyl was employed to selectively disrupt the cytoplasmic membrane (7) .
Polyacrylamide gel electrophoresis. The procedures used were identical to those described previously (7). Gels were stained by the method of Inouye and Guthrie (10) . Standards for molecular weight determinations consisted of lysozyme (14,000), immunoglobulin G (IgG) light chain (23,500), ovalbumin (43,000), IgG heavy chain (50,000), bovine-serum albumin (68,000), and the dimer of ovalbumin. RESULTS Localization of membrane proteins synthesized after infection. Membrane proteins synthesized at various intervals during T4 infection were examined by isolating the total membrane fraction and then separating the two host membrane species. Infection was carried out under nonpermissive conditions with a DNA-negative mutant, T4amN82, to avoid complications arising from membrane-associated maturation of T4 particles (20, 23, 25 protein made during the 9-min interval appears in this region. The heavy membrane fraction is also present after infection with wild-type T4; the time of its appearance and, for the first 9 min of infection, the percentage of new membrane protein it contains are similar to those observed in T4amN82 infections.
Selective solubilization of the cytoplasmic membrane of infected cells. The ionic detergent Sarkosyl, in the absence of Mg2+, selectively disrupts the inner membrane of E. coli cells (7) . Evidence that Sarkosyl acts in a similar manner on membrane from infected cells is shown in Fig. 3 and 4. Membrane isolated from cells which had been infected for 4 min was treated with Sarkosyl. Proteins solubilized by Sarkosyl, which are found at the top of the isopycnic sucrose gradient, were analyzed by polyacrylamide gel electrophoresis and compared with purified inner membrane proteins (Fig. 3) . Proteins in membrane resistant to Sarkosyl disruption, which continue to band at a buoyant density of 1.22, were similarly compared to proteins from purified L membrane (Fig. 4) 13, 1973 . . . . . . . . . gent resistant and detergent sensitive, can therefore be distinguished. Also, none of the pulse-labeled protein which appeared at densities greater than that of the outer membrane ( Fig. 1 and 2 ) was resistant to disruption by Sarkosyl.
Protein constituents of the cytoplasmic, outer and dense membrane species of infected celis. Membrane was isolated from cells which Fig. 1 Fig. 3 A very dfferent result was founda for tnose those described in the legend for Fig. 1 . Membrane membrane proteins synthesized afer infection fractions (1 ml) each received 0.1 ml of a 5% Sarkosyl which banded at a density similar to that of solution and were incubated for 20 minat 23 C prior to outer membrane; these displayed an increasing fractionation. Symbols and identification of panels sensitivity to solubilization by Sarkosyl with are the same as those used in Fig. 1 (Fig. 6) . Previous studies have shown that T4 infection does not result in alterations in pre-existing total membrane protein (28; Wulff and Earhart, unpublished observation); it was therefore not surprising that, after 15 min of infection, no significant changes in the previously labeled host proteins of outer or inner membrane were observed. The preexisting proteins in cytoplasmic membrane preparations isolated 5 (Fig. 6A) or 15 (Fig. 6D ) min after infection are similar to one another and to the inner membrane proteins of uninfected cells (Fig. 3 of reference 7) . Evidence that protein components of the outer membrane are also essentially unaltered by infection can be obtained by comparing Fig. 6B and F (Fig. 6A and B) . Significant differences occur primarily in the molecular weight range of 20,000 and below. Fractions 65 to 90 in Fig. 6A include proteins whose molecular weights range from 19,500 to 7,300; in Fig. 6B , fractions 60 to 82 encompass proteins of molecular weights 20,000 to 8,300. Of the preexisting protein in membrane isolated after 5 min of infection, 5% was found with the dense fraction, 46% was found in the outer membrane, and 49% was found in the cytoplasmic membrane. Membrane proteins made 1 to 5 min postinfection were distributed among the three membrane species as follows: dense, 7.7%; outer, 41%; and inner, 52%.
Membrane proteins synthesized 6 to 15 min after infection appear to be quite distinct from E. coli membrane proteins ( Fig. 6D and E Thirty-eight percent of the newly made membrane protein is found with the cytoplasmic membrane; of this, 46% has a molecular weight of less than 13,000 (Fig. 6D) . In contrast, the most prevalent new proteins in the outer membrane have molecular weights in the 35,000 to 40,000 range (fractions 45 to 51). Only 21% of the membrane protein made 6 to 15 min after infection was found in this outer membrane; 41% was found in the dense fraction. The dense, outer, and inner membrane preparations contained 8%, 36%, and 57% of the pre-existing membrane protein, respectively.
On the basis of its protein constituents, the dense membrane fraction appears to be related to outer membrane; both the pre-existing and newly synthesized proteins in the dense fraction are similar to those of the outer membrane ( Fig.  6C and F) . The procedure used to isolate the dense fraction probably results in some contamination of this material by outer membrane. This is revealed most clearly in samples taken after the first 5 min of infection. Sucrose gradient results indicate no material is present in this dense fraction (Fig. IA) , but 7.7% of the newly synthesized protein is recovered in the dense fraction isolated for analysis by gel electrophoresis. However, this level of contamination of dense by outer membrane cannot account for the similarities observed between the two membrane species when they are separated after 15 min of infection ( Fig. 6E and F The second observation is that membrane protein synthesized after infection with T4amN82 appears to be of two temporal classes. Polyacrylamide gel electropherograms show that much of the protein made during the 1-to 5-min interval after infection is similar to that specified by host genes (Fig. 6 ). For both inner and outer membrane, obvious differences occur primarily among proteins of low molecular weight. We do not believe that the differences between the profiles of pre-existing and newly synthesized membrane protein arise from the different labeling periods employed. Others (28) have found that gel profiles of membrane protein from uninfected cells are identical when labeling is carried out for 0.2 or 2.0 generations. Similarly, when E. coli B is growing at 30 C with a doubling time of 53 min in a glucose-salts medium, proteins from membrane isolated after a 5-min labeling period display an identical profile to that obtained from cells labeled for 4 generations (Wulff and Earhart, unpublished observation).
Proteins synthesized 6 to 15 min after infection are quite distinct from host protein (Fig. 6 ). T4 appears to direct the synthesis of unique new protein constituents of both the outer and inner membrane. Comparison of the 1-to 5-with the 6-to 15-min profiles of new protein suggests that synthesis of bacterial membrane protein continues for the first several minutes of infection and then, by 6 min after infection, is either greatly reduced in rate or completely shut off. Inhibition of synthesis of the major proteins of the outer membrane has been reported to take place during the first 5 min of infection (16) , but little else is known concerning the cessation of synthesis of host-specified membrane proteins. The selective effect of Sarkosyl on newly synthesized proteins of the outer membrane provides indirect evidence that host membrane protein synthesis is completely stopped during infection. Most new proteins of the outer membrane which are synthesized early in infection, and therefore probably primarily host specified, are resistant to solubilization by Sarkosyl. In contrast, all new membrane protein synthesized 9 min or later during infection is totally sensitive to detergent disruption (Fig. 5) .
The gel electropherograms also provide evidence that there may be two classes of phagespecified membrane proteins synthesized during amN82 infection. The rIIA and rIIB proteins are first detected approximately 5 to 8 min after infection, and their synthesis proceeds for at least the first 13 min of infection (6, 28) . This class of membrane protein is best represented in our data by the new major proteins of the outer membrane (fractions 41 to 50, Fig. 6E ). Tentative evidence for a second class of protein, which is synthesized primarily during the first 5 min of infection, is seen in the broad peak of protein in fractions 65 to 75 of the cytoplasmic membrane (Fig. 6A ) and in the protein in fractions 60 to 68 of the outer membrane (Fig. 6B) . Definitive studies on membrane proteins made early in infection will require that host protein synthesis be blocked at the time of infection.
It is possible that no membrane proteins synthesized under the direction of the T4 genome are resistant to solubilization by Sarkosyl; that is, outer membrane protein made after infection which is not disrupted by Sarkosyl may represent residual synthesis of bacterial protein. Some previous data has been interpreted as evidence that T4 proteins are not as firmly associated with membrane as the membrane proteins of uninfected cells (28) . Gel profiles of E. coli protein were found to vary with the temperature of disaggregation, whereas T4 proteins yielded identical profiles after solubilization at either 60 or 100 C. However, recent studies of E. coli envelope proteins have led to the suggestions that variations in gel profiles with differing conditions of solubilization may result from the presence of glycoprotein or lipoprotein (11) , or, as now seems more probable, variations in the charge/mass ratios of the major proteins of the outer membrane (29) .
The third point to be emphasized is the presence of protein in membrane isolated from infected cells which bands at a different density than either of the two species of host membrane. The membrane separation procedure employed is sometimes found to be less effective when membrane from infected cells is used. The reason for this is not known. However, use of prelabeled host cells precludes the possibility that the new peak is an artifact. The new peak begins to appear at approximately 6 min postinfection, is sensitive to Sarkosyl disruption, and accounts for approximately 38% of the total membrane protein made from 6 to 15 min after infection with T4amN82. Analysis of the protein constituents of this fraction indicates that it is related to outer membrane. Contamination of this membrane species by outer membrane occurs, but the extent of this contamination is not sufficient to account for the similarity in profiles of newly synthesized protein observed in Fig. 6E and F . From the available data, it is not possible to determine if any proteins are unique to the dense fraction. If this is found to be the case, classification of T4 membrane proteins as either constituents of outer or inner membrane would be an obvious oversimplification.
